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THE INVERTASE OF MYROTHECIUM VERRUCARIA SPORES’

G. R. Mandels

IN THE €oURSE of studies on the germination and
respiration of spores of Myrothecium verrucerie it
was found that they had considerable invertase ac-
tivity {Mandels and Norton, 1948}, The ease with
which the conidia of this fungus can be raised and
handled and the simplicity of measuring invertase
provided a good experimental basis for an investi-
gation of the behavior of an assumedly typical car-
bohydrase in the physiology of the spores. Inver-
tase has been demonstrated to occur in the spores

of several Aspergilli and Penicillia (Kopeloff and .

Kopeloff, 1919; von Euler, 1920-1921; Sumi,
1928}, however, no detailed study of the enzyme in
the spores has been encountered. This paper pre-
sents results of a study of the physiological rela-
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tionships of the enzyme. Specifically it was de-
sired to compare the action of the enzyme in vitro
and in vivo to determine the locus of activity of the
enzyme in the spores and the conditions under
which synthesis and secretion occur.
MeTHODS,—The fungus used in these studies,
Myrothecium verrucarie (Alb. and Schw.) Ditm,
ex Fr. USDA 1334.2, has “masqueraded” under the
name Metarrhizium glutinosum Pope for several
years (White and Downing, 1947). Spores for ex-
perimental purposes were obtained by culturing
the organism on filter paper (Whatman #2) in 250
ml, Erlenmeyer flasks containing 50 ml. of the in-
organic nutrient solution (distilled H.0 — 1000
ml., NH,NO; — 3.0 g.: MgS0,.7H:0 — 2.22 g;
KHaPO; — 2.59 g.; K.HPO, — 221 g5 pH ca
6.5} to which 1.5 per cent agar {Bacto} had been
added. These flasks were inoculated with 1 ml. of
an unwashed suspension of spores in distilled wa-
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ter (spore concentration ca 500/mm®) ind placed
in an incubator at 30°C. Under these conditions
spore formation is initiated after about 3 days and
is completed about 4-5 days after inoculation. This
method provides spores of approximately the same
age. This is in contrast to the results obtained by
using a point incculation in the center of the culture
In which case sporulation extends over a period of
several weeks. The age of the spores obtained using
this surface inoculation method can thus be approx-
imated by subtracting 4 days from the age of the
culture. Some caution must be exercised in using
this method of inoculaticn, since it has been {ound
that this organism produces oceasional spontaneous
variations. To decrease the possibility of variant
strains contaminating the cultures, flasks inoculated
in the center with a needle were always used to pre-
pare the suspensions which served as inoculum for
the stock cultures. By this procedure it was ascer-
tained that the inoculum had all come from a
monotypic culture since sectors of variants would
be discernable. Contamination by variant spores
is believed to be insignificant.

Spores for experimental purposes were harvested
by flooding the surface of the culture with buffer or
distilled water and shaking gently for a few mo-
ments, Since the spores are borne in a mass of
slime, suspensions are prepared easily without the
use of any wellting agents. The spores were washed
three times by repeated centrifugalion and decanta-
tion. The concentration of spores in suspensions
was determined by measuring the transmission with
a photoelectric colorimeter, using a filter having a
transmission maximum at 440 mp.

Invertase activity was measured by incubating
the spores in solutions of sucrese (J. T. Baker’s
C.P. crystals) and determining the reducing sugars
formed. The dinitrosalicylic acid method of Sum-
ner was used. (Sumner and Somers, 1944). When
determinations were made using spore suspensions
the spores were removed by centrifugation. Gen-
erally an aliquot of sodium hydrexide solution was
added before centrifuging to stop the enzyme ac-
tion. In a few experiments where the sensitivity of
the dinitrosalicylic acid method was inadequate, the
method of Folin and Malmros (1929) was em.
ployed. Invertase activily is expressed in terms of
milligrams of reducing sugars (as glucose) formed
per hour. In some instances this is on a basis of
unit volume of suspension, in others on a basis of

10% or 10° spores. During incubation of spores in .

sucrose solutions, the containers were shaken on a
reciprocal shaker at 30°C. or on a rotary shaker
at room temperature.

ResuLrs.—The rate of hydrolysis of sucrose by
the spores is directly proportional to the spore con-
centration over the range of 2360-39,000 spores/pl.
(table 1). All of the experimental work was done
within this range of spore concentration.

Determination of the activity of spores from cul-

TabLE 1. Effect of spore concentration on rate of kydrolysis
of sucrose.*

Spore cone. Mg. red. sugars Mg, red, sugars per
(final) /hr./ml. hr./10° spores
39,000/mm® 0.32 0.82
19,500 0.183 0.94
8,960 0.072 0.80
4,800 0.038 0.79
2,360 0.025 1.06

*0.01M KH:PO.; 8% sucrose; sporcs from 20-day-old
culture.

.“

tures of different ages (spore age — culture age
— 4) indicates a slight increase in aetivity as the
spores age (table 2). It is possible that this effect
is apparent rather than real, since the light trans-
mission of supensions of equal numbers of spores
may vary with the age of the spores and the cali-
hration curve used to determine spore concentration
was established with spores of one age only (11
days). This effect should not be very great, how-
ever, and it can be concluded that invertase activity
does not change very markedly over the range of
spore ages used,

To determine whether the substrate upon which
the spores were raised had any influence on their
invertase activity, a series of fasks was prepared
containing nutrient agar to which different carbon
sources were added. Inoculation was with a sus-
pension of washed spores. The substrates used
were: glycerine, xylose, glucose, fructose, mannose,
sucrose, cellobiose, maltose, starch, cellulose (filter
paper) ghitamic acid (adjusted to pH 6.5), casein
hydrolysate (acid hydrolyzed), peptone, potato
dextrose agar (Difco}. When the cultures were 11
days old sporulation had occurred in all the cul-
tures which contained carbohydrates. Only sparse
spore formation cccurred in the potato dextrose
agar culture. Those having glutamic acid, casein
hydrolysate, or peptone grew but did not sporulate,
Spores were removed from the cultures which spor-
ulated, washed, suspended in buffer, and the inver-
tase activity determined. The data (1able 3) show
that while slight differences occur, the spores have
substantially the same activity regardless of the
substrate upon which they were raised.

Tasie 2. Effect of spore age on invertase activity.*

Culture age Red. sugars/hr./10° spores
8 days 5.7 mg.
15 6.1
22 6.6
33 6.7
46 73

* Inorganic nutrient solution pH 4.5; 5% sucrose; room
temp. = 25° = 1°C,
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TapLe 3. [Invertase activity of spores raised on different
substrates,*

Caljl;on source Mg. red. sugars/hr./10° spores

Giycerine 4.4
Xylose .3
Glucose 4.1
Fructuse 3.7
Mannose 4.0
Sucrose 4.7
Cellobiose 4.1
Maltose 3.9
-Cellulose 3.6
:Starch 4.0

*0,0IM KH:PO,; 5% sucrose; spores from 1l-day-old
cuhtures.

Course of the reaction—FEarly in the experi-
mental work the question arose as to the existence
of a lag in the hydrolysis of sucrose by spore sus-
pensions. The data shown in fig. 1 (obtained by
using the method of Folin and Malmros) indicate
a lag in hydrolysis of very short duration, being of
the order of 1 min. The reducing value at zero
time represents the impurities in the sucrose used.
For the present purposes this lag can be disregarded
although the theoretical implications may be signifi-
cant.

The subsequent course of the reaction over a pe-
riod of 6 hr. was determined in nutrient solution at
pH 4.5 as well as in phosphate buffer. Yeast ex-
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Fig. 1. Initial course of hydrolysis of sucrose by spores.
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Fig. 2. Course of sucrose hydrolysis bj spores.
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tract (0.5 per cent) was added to some of the
flasks which brought the pH to between 5 and 6.
The results are shown in fig, 2. Without yeast ex-
tract in phosphate buffer the invertase activity is
essentially constant. In nutrient solution the rate
is slightly greater than in buffer and is constant for
4-5 hr. By 6 hr., however, the rate has increased
slightly. Where yeast extract was added the rate of
hydrolysis increases rapidly after 2 hr. No signifi-
cant differences are observed between the buffer
and the nutrient solution. While no appreciable
growth occurs over this 6 hr. period with sucrose
alone, addition of yeast extract results in growth
(i.e., swelling of spores, increase in dry weight) and
germination occurs. This increase in activity rep-
resents the synthesis of invertase which would he
expected to accompany growth. Further considera-
tion of the relation between synthesis and growth
will be dealt with in a subsequent paper.
Assimilation of sugar during hydrolysis.—The
increase in dry weight of young spores {from 9-
day-old cultures} suspended in nutrient solution at

» pH 5.1 containing 2 per cent sucrose was deter-

mined, as well as the formation of reducing sugars.
The data (table 4) show that assimilation does oc-
cur, the increase in dry weight being equal to about
8 per cent of the reducing sugars formed. If this
assimilation is at the expense of reducing sugars, the
measured invertase activity would be significantly
lower than the actual rate.

In a similar series to which 10—3 M sodium azide
was added no assimilation oceurred. Furthermore
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TaeLE 4. Assimilation of sugar during hydrolysis”®

Dry wt
spores/ml. Drywt.  Red sugars

Treatment  Time susp. increase ml.

0 hr. 1.28 mg. O mg./ml. 0.0 mg.
Contre! 3 141 0.13 1.6

5.5 1.54 0.26 3.3

0 1.27 0 0.0
10° M 3 1.20 0 14
NaN, 5.5 1.22 0 2.2

* Inerganic nutrient solution pH 5.1; 2% sucrose; spores
from 9-day-old culiures; 30°C.

there was no increase in invertase activity as would
be expected if reducing sugars were assimilated.

It appears that direct assimilation of sucrose occurs
(Hestrin, 1948). The more rapid hydrolysis of
sucrose in the absence of azide is ascribed to syn.
thesis of invertase.

Release of invertase from intact cells.—Prelimi-
nary experiments had shown that invertase was not
released from the spores during a 16-hr.-period of
shaking in inorganic nutrient solution. It was con.
siderer possible that the enzyme was adsorbed to
the spore walls, I this were true, then elution
might be effected by suspending the spores in solu-
lions of different pH. Neuberg and Roberts (1946)
note that invertase adsorbed on aluminum hydrex-
ide is quantitatively eluted by dilute alkaline sola-
tions such as NaHPO,. To test this possibility an
experiment was set up in which spores were sus-
pended in 0.1 M HCI (pH 1.2); 0.1 M H;PO, (pH
1.73; 0.1 M KILPO, (pH 4.5); 0.1 M K,HPO,
(pH 8.7) ; 0.1 M Na;PO, (pH 12.1). After shaking
in these buffer solutions overnight, the spores were
removed by filtration. “The spore-free filirates were
tested for invertase activity by adding an equal vol-
wme of sucrose solution after adjusting the reaction
of the filtrates to pH 4.5-5.5. No activity was found
in any of the filirates. Intlerpretation of this ex-
perimen! cannot be conclusive as inactivation of any
released enzyme may have occurred in the extremes
of pI used. It has been found subsequently that
while mactivation would have occurred at the two
lowest pH levels (1.2, 1.7), under the conditions of
the experiment some reactivation would have taken
place.

"To determine whether the diflerential permeabil-
ity of the plasma membrane prevented the outward
movement of the enzyme, merthiolate (0.01 per
cent), toluene, or ether was added to spore suspen-
sions. After incubation for about 16 hr., inver-
tase activity of the spores and of the suspension
medium was determined. No evidence was found
that invertase was released from the spores and no
inactivation of the invertase in the spores had oc-
curred. The treatments killed over 95 per cent of

5 Thus

the spores (hased on 5 per cent survival}.
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destruction of the plasma membrane does not cause
release of enzyme. It has been found that secretion
of invertase (Mandecls, 1949) oceurs during growth
when synthesis of the enzyme takes place. Possibly
changes in permeability which permit diffusion of
the enzyme out of the spores might result from or
accompany the swelling and stretching of the cell
wall and plasma membranes. An experiment was
set up to fest this hypothesis and to determine
whether any of the invertase synthesized and re-
tained by germinated spores can be leached out.
Aliquots of a spore suspension in inorganic nutri-
ent selution to which sucrose, sucrose - yeast ex-
tract or ydast extract was added, were incubated at
30°C. for 6 hr. The spores were then washed by
centrifugation and suspended in buffer (0.01 M
KHgPO4}. These suspensions were divided inlo two
equal parts to one of which merthiolate was added
(to give 0.02 per cent). After incubating over
night the suspensions were centrifuged, the super-
natant decanted through a fine sintered glass fun-
nel, and the invertase activity of spores and filtrate
determined. The data are summarized in table 5.
The activity of the spores in nutrient solution did
not change from the original activity of the suspen-
sion which was determined separately, Consider-
able invertase was synthesized during incubation of
the spores with the various substrates in the pre-
leaching stages, the amonnt being greatest in the
suspension containing both yeast extract and su-
crose. None of the invertase was leached from the
cells during the 17 hr. period in buffer, except
where both yeast extract and sucrose were present,
in which case 4-5 per cent of the total activity was
found in the filtrate. It is possible that traces of in-
vertase were released in the other instances. If a
similar proportion of the total activity had gone
into the filtrates, it would not have been detected by
the methods employed. The addition of merthio-
late, which killed most of the cells, did not have
any effect on the release of enzyme.

Incubation of germinaling spores with buffers at
different pH’s has also failed to eflect release of
invertase, as shown by data obtained in conjunc-
tion with the experiment described above in which

Tapre 5. Is invertase released from germinated spores?
Germina-  Mer- Invertase activity®
Treatment tion thiolate Spores  Filtrate
+ 0.26 i}
Control — _ 0.26 0
g . _ + 0.40 o
uerose _ 0.37 0
Sucrose -4 veasl -+ 117 0.06
exlract ++ — 1.20 0.05
_ -+ 0.44 0
Yeast extran: -+ _ 0.46 9

* Mg, red. sugar/ml/hr.
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TacLe 6. Invertase activity of extracts of ground spores.
Invertase activity
Preparation {mg. red. sugar/hr.)
A Supernatant 0.14
A-F Filtered supernatant 0.13
B 1st Washing 0.013

C  2nd Washing <0005 {not. detectable)

it was attempted to elute the enzyme from dormant
spores.

It can be concluded that inveriase is not released
from dermant or intact germinated spores and that
killing the spores by such agents as merthiolate or
toluene does not effect release.

Extraction of invertase from crushed spores—
Spores which had been washed in distilled water
and lyophilized were ground in a mortar and pestie
to which about three times their weight of pow.
dered pyrex glass and a small amount of 0.1 M
KH2PQ; had been added. Additional buffer was
added and the ground spores centrifuged in a Serv-
all superspeed centrifuge at about 20,000 G. for 20
min. The slightly turbid supernatant liquid {A)
was decanted off and a portien of it, (A-F}, fil-
tered through a bacterial filter (Corning, ultra fine
sintered glass) to remove all traces of cell frag-
ments. The resulting filtrate was clear. To deter-
mine whether additional enzyme could be extracted
the residue of spores, efe. in the centrifuge tube was
washed with a second portion of buffer and centri-
fuged (B}. A third extraction of the residue was
made by suspending the residue in bufler and stor-
ing it overnight in a refrigerator and then ecentri-
fuging (C). The invertase activity of these extracts
is shown in table 6.

The data demonstrate that by rupluring the cell
walls, and the plasma mémbranes as well, invertase
can be extracted from the spores and obtained in
solution. Furthermore, the enzyme is not bound
to any cell structures which can be removed by
filtration through a bacterial filter. Repeated wash-
ing of the residue is without effect in extracting ad-
ditional portions of the enzyme.

Another critical point in the extraciion of the
enzyme is whether the total activity of the prepara-
tion changes when the spores are ruptured. Data
{table 7) show that there is no such change, ihe

Tarete 7.
comparisen with eriginal activity of spore suspension.

Invertase

Preparation Activity
Residue .56
Filtrate 0.185
sum 0.745
Original (not ground) 0.74

Invertase activity of residue and of extract in -
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activity of the fltrate plus the residue being equal
to the original activity. Although only about 25
per cent of the invertase was extracted in this ex-
periment, 70 per cent of the activity has been ob-
tained in filtrates of other experiments. The amount
extracted appears to depend upon the proportion of
the spores which are ruptured.

Effect of pH wn vitro and in vive.~Preliminary
experiments had indicated that the pH for optimum
invertase activity of M. verrucaria spores was simi-
lar to that for the action of purified inverlase. It
was reasoned that if the pH activity curves for the
in vitro and in vivo aclion of M. verrucaria inver-
tase were gpmilar, this would constitute evidence
that the enzyme was situated al, or in close prox-
imity to, the exterior of the cytoplasmic membrane

3 v T T v T

fo [ r
i 3 i

INVERTASE ACTIVITY-mg, red sugars/hr.

3

LEGEND
8 —— . £XTRACT
.08t o SPORES
& ~-re INVERTASE (DIFCO)
oz 3 4 5 6 7 a
pH

FFig. 3. Effect of pH on the invertase activity of M. ver-
rucaria spores and of cell [ree exiracts of the spores.

of the spore. Here the enzyme would be subject to
the direct action of the solution in which the spores
were suspended.  For this reason the invertase
activity of spores and of extracts from ground
spores was determined as a [unction of pH. For
comparalive purposes the effect of pH on some puri-
fied yeast invertase (Difco) was also determined.
Data irom three sets of experiments are presented
(fig. 3). The curves from pH 2.4-5.5 were ob-
tained using 0.05 M citrie acid—0.1 M Na.,HPO,
buffer; the curves from pH 4.5-8.0 with 0.033 M
KH.PO; — K.HPO, buffer. The points for values
below pH 3.5 are all corrected for the hydrolysis
catalyzed by the hydrogen ion since significant in-
version occurred at these low pIl’s, under the con-
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Fig. 4. Dflect of substrate concentration on rate of hydrolysis of sucrose by spores, spore extracts, and Difeo

Invertase.

ditions employed. The curves for in vitro and in
vive action of invertase from M. verrucaria spores
are similar, the p/l optima being between 3.5 and
4.5. The curves are not exactly parallel since the
optimum for the spore extract is displaced slightly
toward the neutral side and the activity of the spore
extract decreases more rapidly on the acid side of
the optimum. The significance of these differences
cannot be evaluated precisely., Peossibly the opti-
mum -changes slightly when spores of different
ages are used; possibly the presence of protein-
aceous materials in the spore extracts modifies the
oplimum. In this connection it should be noted
that copious precipitation occurred at the lower pH
values in the spore extracts upon addition of the
buffer. Since this precipitate settled to the bottom
of the tubes this may be a complicating factor if-
the enzyme were present in the precipitate. The
response of the purified yeast invertase is somewhat
different from that of the M. verrucaria enzyme.
The optimum of the former is displaced a little
toward neutrality and its activity decreases more
abruptly as the pH increases.

Effect of substrate concentration—in vitre and in
vivo—The relation between sucrose concentration

and rale of hydrolysis by a spore suspension, an
cxtract of ground spores and by purified yeas! in-
vertase {Difco) is shown in fig. 4. The curves are
typical for velocity substrate concentration plots of
enzymes such as invertase. The curves for the in
ving and in witro action of the invertase from M.
verrucaria spores are similar. The curve for the
purified invertase, however, is somewhat different
in that the change in rate of the reaction at low con-
centrations of substrate is less rapid than with the
enzyme in the spores. lurther characlerization of
the enzymes is shown in table 8 in which the
Michaelis dissociation constants (Kg) {for the en-
zyme-substrate complex are given. Two methods
were used to calculate the dissociation constant. In
the first method the substrate conceniration at half
maximum reaction velocity was calculated accord-
ing to Michaelis and Menten {1913). For the sec-
ond the procedure of Lineweaver and Burk (1934)
was employed which is based on the equation

1 Ks 1
Vi 151 T Vi

V=
According to this equation a linear relation should
obtain if the reciprocal of the reaction velocity {V)
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Tavre 8. Dissociation constants for encyme substrate
complex.

Ks
o Mecthod  Method
Preparation” Buffer z b

Spores (e 20 days o1d) 0.01 M KH.PQ, 0.0044M 0.0047M
7 {26 daysold) 0.0IMKH.PO., 0.0044 0.0035
" {28 daysold)  0.025 M KH.PO, 00024 0.0022
7 {27daysold)  G01MK.HPO, 00059 0.0056
Extract form spores 0.025 M KH.PO, 0.0016 0.0017
11 days old
Difco invertase
(frqm yeast)

(a) = Method of Michaelis and Menten (1913). {b)
= Meihod of Lineweaver and Burk (1934).

¢.01 M KH.PO, 00175 0025

is'plotted against the reciprocal of the substrate con-
centration {S). The ordinate intercepl is then the
reciprocal of the maximum velocity (V ,.x.) and

. K
the slope is equal to ——
V miax-
The equilibrium econstant, Kg, is- thus evalnated

easily.

The dissociation constants obtained for the en-
zyme-substrate complex are distinclly less for the
M. verrucaria invertase in witro than in wvive al-
though they are of the same order of magnitude. It
is evident that the affinity of the enzyme in the
spores for the substrate is less than that of the
cell-free enzyme, affinity being inversely proportion-
al to the dissocialion constant. Paosstbly some of
the reactive groups in the enzyme bind it to cell
structures or are directed toward the interior of the
cell and are not readily available to the substrate.
Separation of the enzyme from the cell would make
these groups available for combination with the
substrate. The difference between the in vitro and
ir vivo values could also be interpreted on the basis
of the permeability of the cell membrane limiting
the diffusion of substrate to all portions of the en-
zyme. The value for yeast invertase by the first
method is almost identical with that given by
Michaelis and Menten. The difference between the
values for Difco invertase and for the enzyme from
the spores is of such magnitude as to indicate a
difference in the enzymes; the enzyme from the
spores having a greater affinity for the substrate.
This is particularly evident in comparing the cell-
free enzymes from M. verrucaria and from yeast.

Discussion.—FEvaluation of effects of metabolism
on measured and actuol activity —Invertase activity
of M. verrucarie spores is readily demonstrated by
suspending them in sucrose solutions. The appear-
ance of reducing sugars in the medium shows clear-
ly that hydrolysis proceeds at a more rapid rate
than utilization of reducing sugars in the metabo-
lism of the speres. In presenting the data in this
paper it has been tacitly assumed that the measured
rate of hydrolysis does. in {act, represent the actual
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rate. It is quite possible that the measured rate is
really a net rate equal to the difference between the
actual rate of hydrolysis and the rate of utilization
of reducing sugars by assimilation and respiration.
The following discussion will attempt to evaluate
these two possibilities.

Data (1able 4) show that after 5.5 hr. incubation
in sucrose solution the measured rate of hydrolysis
is 0.60 mg. reducing sugar/hr./ml. and the rate of
assimilation {dry weight increase) 0.047 mg./hr./
ml. From other data (Mandels and Norton, 1948)
we can approximate the amount of sugar oxidized
as being about 0.053 mg./hr./ml. as calculated from
the respiratign of spores on suerose. If it is as-
sumed that assimilation and respiration are at the
expense of reducing sugars then the actual amount
of reducing sugar formed by hydrolysis of sucrose
should be the sum of the measured quantity, the as-
sinilated and the respired or about 0.70 mg./hr./
ml. The actual invertase activitly would then be ca
17 per cent higher than the measured rate. Treat-
ment of the spores so as to block assimilation and
respiration might be expected to increase the mea-
sured activity by this amount. In no case has this
been observed. Such treatments have included the
use of inhibitors (azide, cyanide, iodeacetate, fluo-
ride), anaerobiosis, killing the spores by antisep-
tics, or heat treatrment {(60°C.). It is concluded that
the actual and the measured invertase activity of
M. verrucaria spores are identical for all practical
purposes. It is not know whether these considera-
tions are equally applicable to germinating spores
and to mycelium.

This evidence is also suggestive that in the spores
sucrose enters the metabolic pathway as such and
need not first be hydrolized to glucose and fructose.
No unequivocal evidence has been obtained prov-
ing this mechanism in Myrothecium verruearia,
Supporting indirect evidence is found in measure-
ments of the rate of respiration of the spores on the
carbohydrates involved. Thus the rate of respira-
tion with sucrose as substrate is considerably great-
er than with either glucose or fructose alene and is
slightly greater than with a mixture of these two
reducing sugars (Mandels and Norton, 1948).
While it would seem reasonable that metabolism of
reducing sugars occurs coincidentally with that of
sucrose, assuming that direct metabolism occurs,
it is quite possible that this does not occur. Thus
in the phenomenon of diauxie (Monod, 1947),
preferential complete utilization of one carbohy-

-drate occurs before a second carbohydrate is at-

tacked.

Location of the enzyme.—Invertase is liberated
from the spores in suspension only if growth and
synthesis take place. In the resting spores hvdroly-
sis of sucrose must occur cither at the surface of
the spore or within the spore. While it has not
been possible to localize the site of invertase activ-
ity in the spores by direct demonstration, certain
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indirect evidence has been encountered. Available
data indicate quite clearly that invertase is not ad-
sorbed to the spore wall. First, the enzyme is not
eluted from intact spores suspended in solutions of
varying pH under conditions which would quanti-
tatively elute invertase adsorbed to aluminum hy-
droxide. Second, if the spores are crushed by
grinding with powdered glass, lhe enzyme is ob-
tained in solution. The activity of the slightly
turhid supernatant solutions resulling from centrif-
ugation at about 20,000 times gravity is not lost
by passage through a bacterial filter which removes
the turbidity. It is logical to assume that if the
enzyme were adsorbed to the wall of the intact
spores, this treatment would not elute it and it
would remain adsorbed to the cell wall fragments
and be thrown down by centrifugation.

It has been found that the pH-activity curves for
suspensions of spores and for extracts of ground
spores are closely parallel with an optimum at
about pH 3.54.0. We assume that, as in the cells
ol higher plants, the cell wall is essentially com-
pletely permeable and that the pH within the spores
is realatively constant and is not subject to the vari-
ations which occur in the environment. This sug-
gests that the locus of invertase activity must be at,
or in close proximity to, the exterior of the spore.
Since the enzyme is not adsorbed to the spore wall
we infer that it is at the exicrnal surface of the
cell membrane. Possibly the enzyme is within the
membrane but, if so, it must be sufficiently close to
the external surface of the membrane to be subject
to the direct action of the external solution. Addi-
tional data supporting this concept are to be found
in the effects of low pH upon the invertase of the
spores and upon spore viability. Thus exposure
of spores to a pHf of 1.5 is sufficient 1o inactivate the
invertase without affecting the viability (unpub-
lished data). . :

It may be argued that the factor limiting the rate
of hydrolysis is the permeability of the spores to
sucrose, and that the effect of pH upon the inver-
tase activity of the spores can be aseribed to ef-
fects upon the permeability to sucrose. That such
effects could coincide so closely with that of pH on
the in vitre action of the enzyme is considered un-
likely. It is concluded that the enzyme is not ad-
sorhed to the spore wall but is present in the super-
ficial layers of the cytoplasmic membrane or at its
surface. Thus it is not necessary for sucrose to
enter the spore to be hydrolyzed. The location of
certain enzymes at the cell surface is not a new
concept. It has been inferred for certain dehydro-
genases in Bacterium coli (Quastel, 1926), for in-
vertase in veast {Wilkes and Palmer, 1932.1933)
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and for phesphatase in yeast (Rothstein and Meier,
1948). '

Synthesis of the enzyme.—Measurements have
shown that when spores are suspended in buffer or
nutrient solution containing sucrose, there is no
significant change in rate of hydrolysis until after
about 4-6 hr., when slight increases are noted. Un-
der these conditions mne germinalion and litte
growth occur. I yeast extract is added as well as
sucrose, growth occurs and the rate of hydrolysis
increases rather rapidly. This increase in activity
could be due to synthesis of invertase or to acliva-
tion of preexisting enzyme. Since the rate.of hy-
drolysis is mot affected by substrate concentration
at the levels employed, permeability is probably not
involved, It ts assumed that the observed increases
in invertase activity are due to synthesis and that
activation is not invelved to any significant extent.
This assumption is supported by the absence of any
sizeable lag in inversion and by the failure of su-
crose alone to effect activation. Furthermore, it is
known that the metabolism of spores suspended in
solutions containing sucrose and yeast exlraet is
very high since large increases in cell volume, in
dry weight and respiration are taking place. It is
logical, therefore, to assume thal synthesis of in-
vertase occurs.

Identity of the enzyme.—Exact identification (in
accordance with Pigman’s (1946) classification} of
the type of carbohydrase studied in the present in-
vestigation has not been attempted. For conveni-
ence, therefore, we are using the somewhat am-
biguous term invertase. That the enzyme is not
identical with yeast invertase is indicated by the
discrepancies which were formed in the pH-activity
curves and in the Michaelis constants.

SUMMARY

From indirect evidence it is concluded that the
invertise in spores of M. verrucaria is located at or
near the external surface of the plasma membrane.
Rapid synthesis of invertase occurs in the presence
of sucrose and yeast extract during germination,
synthesis being initiated during the pre-germinative
swelling of the spores. When sucrose alone is pres-
ent, synthesis and growth are much slower. Inver-
tase is not released from intact resting spores. In-
vertase activity of the spores is not greatly affected
by spore age or substrate upon which the spores
are produced. The measured activity is equivalent
to the actual activity. Assimilation and respiration
are apparently at the expense of unhydrolyzed suec-
rose.
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